Abstract. The C-face (0001) 4H-SiC surface morphology produced by etching using chlorine trifluoride gas was studied, focusing on the influence of the off-orientation. The etch pit at the 4 o off-oriented surface was formed at a temperature higher than 973 K, which was higher than 623 K for the on-axis surface. At 1073 K, the hexagonal-shaped etch pits were observed after the etching at chlorine trifluoride gas concentration of less than 3 %. In the temperature range lower than 900 K, the mirror surface could be maintained after the etching. Thus, the mirror surface and the pitted surface are expected to be formed on the 4 o off-oriented surface by means of appropriately adjusted parameters, such as the temperature and the chlorine trifluoride gas concentration.
Introduction
Chlorine trifluoride (ClF 3 ) is the hopeful etchant gas for preparing various surfaces of silicon carbide as reported in our previous studies [1] [2] [3] [4] . Using on-axis Si-and C-face (0001) silicon carbide, very smooth surface could be fabricated at the high temperatures. The etch pits revealing the crystalline defects at the C-face (0001) surface could be produced at low temperatures. Thus, chlorine trifluoride gas is expected to realize various processes related to silicon carbide wafer production. In order to further apply this chemical etching technique, the surface morphology after the etching should be further studied taking into account various conditions, such as the off-orientation. Thus, the C-face (0001) 4H-SiC surface morphology produced by the etching was studied in this paper, focusing on the influence of the off-orientation.
Experimental
The 4 o off-oriented C-face (0001) 4H-silicon carbide substrate was used in this study. Nitrogen is doped at the concentration of 3 -5 x 10 18 cm -3 in this substrate. The substrate surface was prepared by chemical mechanical polishing [5] . The polished surface was cleaned using acetone accompanied by an ultrasonic degreasing treatment, then further cleaned using the SPM method (H 2 SO 4 :H 2 O 2 ). Fig. 1 shows the experimental procedure. After heating the substrate to 570 -1070 K in nitrogen ambient, the chlorine trifluoride gas of 1-100 % was introduced to the reactor at atmospheric pressure. After this process, the silicon carbide substrate surface was observed using a scanning electron microscope (SEM).
The SiC etching follows the overall reaction shown by eq. (1) [3, 4] , 3SiC + 8ClF 3 → 3SiF 4 + 3CF 4 + 4Cl 2 .
Chlorine trifluoride gas etches the solid SiC and forms gaseous products, such as silicon tetrafluoride, carbon tetrafluoride and chlorine. Because these products have very low boiling points, no deposition occurred in the downstream region from the reactor throughout the exhaust line. Step (a): heating in ambient nitrogen, Step (b): etching using chlorine trifluoride gas and Step (c): cooling to room temperature in ambient nitrogen.
Results and Discussion
The etching rate was initially evaluated. Figure 2 shows the etching rate of the 4 o off-oriented C-face (0001) 4H SiC using the chlorine trifluoride gas at 100 %, at gas flow rate of 0.1 slm, and at temperatures from 823 -1073 K. The etching rate in this temperature range was about 4 µm/min and nearly flat. The solid line in this figure indicates the etching rate of the on-axis C-face (0001) 4H-SiC [9] . This shows that the etching rate of the 4 o off-oriented surface is similar to that of the on-axis wafers. The surface morphology after the etching using chlorine trifluoride gas at the various temperatures from 673 K to 1073 K is shown in Fig. 3 . In this figure, (a-1) -(a-4) are optical micrographs of the on-axis surface [1] after etching at 573, 623, 773 and 1073 K are given, respectively. At temperatures lower than 573 K, the surface showed no change along with no etch pits. In the temperature range higher than 623 K, etch pits appeared. With increasing temperature the etch pits became shallow and small. 4 shows the magnified image of hexagonal-shaped etch pits produced by the chlorine trifluoride gas at 2 % for 7 min at 1073 K. The etch pits had a six-sided pyramidal shape with an obvious edge. Because the density of these etch pits was 5 x 10 4 cm -2 , corresponding to the average level of the threading edge dislocation density of SiC materials, the chlorine trifluoride gas at a low concentration is expected to characterize the crystalline defect of the 4 o off-oriented C-face (0001) 4H SiC due to anisotropic etching. Figure 4 Hexagonal shaped etch pits formed by chlorine trifluoride gas at 2 % for 7 min.
The evaluation of the surface morphology for the investigated parameter range is summarized in Fig. 5 . This figure shows the trend independence on the substrate temperature and the chlorine trifluoride gas concentration. As shown in this figure, the etching performed at low temperatures
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Silicon Carbide and Related Materials 2013 cannot produce etch pits, but can maintain a mirror surface. Utilizing the etching rate, which is several µm/min above 770 K, the process for removing the wafer backside is expected to be enabled by the chlorine trifluoride gas. At high temperatures above 900 K, surface roughening occurs. At 1073K and high chlorine trifluoride gas concentrations, the formed ambiguous pit shape seems to be not related to the crystalline nature. However, at low concentrations, 2% is expected to have a relationship with the crystalline quality, because clearly six-sided pyramidal shape etch pits are revealed. Thus, the mirror surface preparation and the etch pit evaluation are expected to be possible by means of simply adjusting the etching parameters through the same process in the same reactor. 
Conclusions
The surface morphology of C-face (0001) 4H-silicon carbide was studied after etching using chlorine trifluoride gas. The etch pit at the surface with the off-orientation of 4 o was formed at temperatures higher than 973 K, while that 0-1 o off-oriented occurred at higher than 623 K. The hexagonal-shaped pyramidal etch pits were observed at the chlorine trifluoride gas concentration at less than 3 % at 1073 K. The etch pit density depends on the chlorine trifluoride concentration and at higher concentrations is not related to the dislocation density. In the temperature range below 900 K, the mirror surface could be maintained after the etching. Thus, the mirror etching and the etch pit formation are expected to be possible by simply adjusting the temperature and the chlorine trifluoride gas concentration.
